We have studied the evolution of an excited electron bubble in superfluid 4 He for several tens of picoseconds combining the dynamics of the liquid with an adiabatic evolution for the electron. The path followed by the excited bubble in its decay to the ground state is shown to strongly depend on pressure. While for pressures below 1 bar the 1P excited electron bubble has allowance for radiatively decay to the deformed ground state, evolving then non-radiatively towards the ground state of the spherical electron bubble, we have found that above 1 bar two distinct baby bubbles appear in the course of the dynamical evolution, pointing to a different relaxation path in which the electron may be localized in one of the baby bubbles while the other collapses, allowing for a pure radiationless de-excitation. Our calculations are in agreement with experiments indicating that relaxed 1P bubbles are only observed for pressures smaller than a critical one, of the order of 1 bar, and that above this value the decay of the excited bubble has to proceed differently. A similar analysis carried out for the 2P bubble shows that the adiabatic approximation fails at an early stage of its dynamical evolution due to the crossing of the 2P and 1F states. 67.25.du,33.20.Kf,71.15.Mb 
I. INTRODUCTION
Electron bubbles (ebubbles) in liquid helium are fascinating objects with an apparently simple structure that have been the subject of a large number of experimental and theoretical studies, see e.g. Refs. 1-12 and references therein.
The imaging of individual ebubbles moving in the liquid, 13 some unexplained events in cavitation experiments, 14 and the efforts in creating and detecting multielectron bubbles 15, 16 are recent issues calling for a dynamical description of the electron bubble, but not the only ones. For instance, the equilibration of the electron bubble in superfluid liquid helium, studied in detail by Eloranta and Apkarian 8 within time-dependent density functional theory, also needed of an accurate dynamical description. The ebubbles addressed in that work are spherically symmetric, which made the calculations affordable for using the best available density functional (DF) for 4 He, the so-called Orsay-Trento (OT) functional. 17 Other dynamical studies have resorted to much simpler approaches inspired on local functionals of the kind proposed by Stringari and Treiner long time ago, 18 or on generalizations of the Gross-Pitaevskii equation to the description of liquid helium. [19] [20] [21] [22] They have allowed to carry out dynamical studies involving non-spherical ebubbles, and their interaction with vortices in the superfluid. However, these local approaches do not describe the superfluid accurately.
In particular, its elemental excitations are poorly reproduced. To circumvent this shortcoming, non-local extensions have been proposed 23 and applied e.g., to vortex nucleation in superfluid helium.
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Another problem requiring a dynamical treatment, still not addressed in full detail, is the relaxation of an ebbuble after being excited by photoabsorption, which constitutes the subject matter of this work. This process couples the fairly slow displacement of the helium bubble with the rapid motion of the electron it hosts, producing excitations in the liquid that take away a sizeable part of the energy deposited in the ebubble during the absorption.
The emission spectrum of the electron bubble after it has relaxed around the excited electron state has been calculated. 10, 25, 26 However, whether and how these full relaxed configurations are attained before decaying by photoemission was not elucidated.
In this work we attempt a theoretical description of the evolution of the excited ebubble based on the zero temperature DF approach, using an as much accurate as technically feasible description of the liquid, and an electron-helium interaction that have been proved to reproduce the experimental absorption energies of the ebubble. The initial configuration is determined by a static calculation of the excited ebubble. This state has a large radiative lifetime, of the order of several tens of microseconds, in contrast with the short time scale for the helium displacement, of the order of picoseconds. The subsequent dynamical evolution of the ebubble is described within the adiabatic approximation, which is valid for a period of time difficult to ascertain, 27 that we shall discuss in some detail. We will show that, depending on the initial excited state and the external pressure applied to the liquid, the bubble may keep its initial simply connected topology, or evolve towards a non-simply connected one made of two baby bubbles that share the probability of finding the electron in, 28 the electron eventually localizing in one of them while the other collapses. To reduce the numerical effort to a reasonable amount, we shall mostly discuss results for the collapse of an ebubble starting from the spherical 1P state. Results for the collapse of the 2P state will be also shown.
This work is organized as follows. In Sec. II we describe our model and present a quasi-static study of the ebubble, completing the results we have presented elsewhere, 25 and recalling some technical details about the method we have used to solve the variational equations for the fluid and the electron. In Sec. III we present the adiabatic evolution of the ebubble for two selected values of the liquid pressure. The validity of the adiabatic approximation is analyzed in Sec. IV, and a summary is presented in Sec. V.
II. QUASI-STATIC DESCRIPTION
We first address some properties of excited electron bubbles in liquid 4 He using the OrsayTrento density functional including the terms that mimic backflow effects and are crucial to quantitatively reproduce the experimental phonon-roton dispersion relation in bulk liquid 4 He at zero pressure. 17 They have no influence on the statics of the system, and have been often neglected 12, 29 in the dynamics because their inclusion makes the dynamical calculations very cumbersome. 8, [30] [31] [32] In practice, we have found that these terms have little effect on the dynamics of the electron bubble presented in this work.
The electron-helium (e-He) interaction has been modeled by the Hartree-type local effective potential derived by Cheng et al. 33 This allows us to write the energy of the electronhelium system as a functional of the electron wavefunction Φ(r) and the 4 He effective macroscopic wavefunction Ψ(r) = ρ(r) exp[ıS(r)], where ρ(r) is the particle density and v(r) =h∇S(r)/m He is the velocity field of the superfluid:
In this expression, E(ρ) is the 4 He 'potential' energy density, and the e-He interaction V e−He (ρ) is written as a function of the helium density. 33 Details are given in Refs. 9,34. In the absence of vortex lines, S is zero and E becomes a functional of ρ and Φ. Otherwise, one has to use the complex wavefunction Ψ(r) to describe the superfluid.
For a given pressure (P ), we have solved the Euler-Lagrange equations which result from the variation with respect to Ψ * and Φ * of the zero temperature constrained grandpotential
where µ is chemical potential of the liquid. The variation of the above functional yields two coupled equations that have to be selfconsistently solved
where ε is the eigenvalue of the Schrödinger equation obeyed by the electron.
Our method of solving the variational equations is based on a high order discretization in In this axially symmetric environment, the spherical nL states are split depending on the value (m) of the orbital angular momentum on the symmetry z-axis, and the ±m states are degenerate. We have found that, within a nL manifold, the m states are ordered in increasing |m| values. 25 For this reason, we will refer to the axially symmetric state that corresponds to the m = 0 submanifold when we speak of a deformed 'nL' state. When needed, we shall use the conventional notation for the orbital angular momentum of single particle states in linear molecules, namely σ, π, δ, φ, . . . for |m| = 0, 1, 2, 3, . . ., and superscripts + (−) for specularly symmetric (antisymmetric) states.
Figure 1 displays quasi-equilibrium ebubble configurations at different stages of the absorption-emission cycle obtained at P = 0. The electron probability densities are rep-resented by colored clouds, these with one lobe correspond to 1S states (spherical bubble, picture 1; deformed bubble, picture 4), and these with two lobes correspond to 1P states (spherical bubble, picture 2; deformed bubble, picture 3). In this figure, the line indicates the bubble dividing surface, i.e., the surface at which the liquid density equals half the saturation density value ρ 0 , e.g. 0.0218Å −3 at P = 0, and represents the surface of the helium bubble.
We have found 25 that at P = 0, the 1P→1S emission energy is 36 meV, close to the 35 meV found in Ref. 10 , constituting another excellent test of the theoretical framework used by us and by these authors. The energy released in the optical 1S-1P absorption-emission cycle can be determined combining the results we have obtained in previous works. Quasi-equilibrium configurations of the ebubble relaxed around the 1P state are shown in Fig. 2 for several P values. In this figure, helium is represented by warm colors, and the electron probability density (arbitrary units) by cool colors. The relaxation of the bubble around the 1P state produces a characteristic two-lobe peanut structure whose waist -or neck-is progressively marked as the pressure applied to the liquid increases. Notice that helium displays a stratified density around the bubble. This feature appears whenever the superfluid presents a kind of free surface, as in drops, films or bubbles.
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Figure 2 shows that at a pressure of ∼ 8 bar helium starts to penetrate between the two lobes of the electron wavefunction. At ∼ 9 bar the helium density in this region reaches the saturation density, and the bubble splits into two baby bubbles. This produces an abrupt change in the emission energy, falling an order of magnitute between P = 8 bar and P = 9 bar; in the 'broken neck' region extending up to the solidification pressure, the photon emission energy is barely ∼ 1 meV. 25 This is expectable at these pressures, as the main difference between the 1S and 1P probability densities appears in the waist region. If this region is inaccessible to the electron due to the presence of helium, these states become almost degenerate. On the contrary, if this region is not accesible to the superfluid due, e.g., to the presence of a vortex whose vorticity line coincides with the symmetry axis of the ebubble, the baby bubbles may be held together by a tiny neck.
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It is worth pointing out that some of the quasi-equilibrium configurations displayed in 
III. TIME EVOLUTION OF THE EBUBBLE: PICOSECOND DYNAMICS
The dynamics of the excess electron localization in liquid helium has been adiabatically addressed by Rosenblit and Jortner using a sharp surface model for the bubble. 37, 38 The superfluid was considered as incompressible, and the bubble expansion time, i.e., the time for creating the ebubble, was estimated to be 8.5 ps when energy dissipation by emission of sound waves was taken into account. 38 This process exhibits a marked P dependence, the higher the pressure the shorter the expansion time.
Later on, the incompressibility approximation was relaxed using a DF approach, finding that at P = 0 the bubble surface breathes with a period of about 130 ps. 8 These calculations have revealed that the localization process may launch shock waves, and that the subsequent main dissipation mechanism is sound radiation; excitations in the roton well were not produced. 8 In the present work we consider that the ebubble has had time enough to relax to its spherical 1S ground state and the electron is subsequently excited by light absorption to the 1P state, whose dynamical evolution is the subject matter of this section.
A. Adiabatic time evolution
Since the electron evolves much faster than helium as their mass ratio is m He /m e ≃ 7300,
we have followed the dynamics of the excited ebubble by combining the actual time evolution of the liquid with an adiabatic evolution for the electron. Within this approximation, the electron wavefunction is found by solving, at each time step, the static Schrödinger Eq.
(4) to obtain the instantaneous 1P electron state Φ 1P , and the structure of the liquid is obtained by determining the complex, time-dependent effective wavefunction Ψ(r, t) from the time-dependent DF equation 
B. Results
We have solved the adiabatic-dynamic coupled equations for P = 0, 0.5, 1, 2, 3, and 5
bars. We will mostly show results for the two extreme pressure values, namely 0 and 5 bars.
The evolution starts by stretching the bubble along the symmetry z-axis, and shrinking its waist. This produces density waves in the liquid that take away a sizeable part of the energy injected into the system during the absorption process, 105 meV at P = 0 and 148 meV at 5 bar.
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The evolution can be safely followed for about 25-30 ps. For larger times, the density waves reflected on the box boundaries get back to the region where the bubble sits, spoiling the calculation. This time interval is large enough to see bubble splitting at the higher pres- Below 1 bar, we have found that the ebubble configuration is simply connected and radiates a sizeable part of the excitation energy as sound waves. For instance, at P = 0 bar, the energy difference between the spherical 1P configuration and the relaxed 1P quasiequilibrium configuration is ∼ 40 meV (see Fig. 1 ). The ebubble undergoes damped oscillations that will likely lead it to the corresponding quasi-static 1P configuration described in Sec. II. As a consequence, it would eventually decay radiatively to the deformed 1S state that will radiationless evolve towards the spherical 1S state.
An example of this sort of evolution is shown in Fig. 3 for P = 0. We have found that after 15 ps, the shape of the 1P bubble is similar to the quasi-static configuration referred to in Sec. II. Using a simpler model, Maris has found a smaller value, 11 ps. 2 The difference is a natural consequence of the two basic approximations he has made, namely treating the liquid as incompressible and neglecting sound wave radiation. Due to the inertia of the bubble in the expansion process, it continues to stretch in the direction of the symmetry axis. This dilatation in the z-direction goes on for the largest times we have followed the evolution (30 ps), accompanied by the appearance of a more marked neck.
At 1 bar, the neck collapses due to the large kinetic energy of the liquid filling in the region between the two 1P lobes, and the ebubble configuration becomes non-simply connected. This causes the -deformed-1P and 1S levels to become nearly degenerate, and their probability densities are almost identical. The appearance of any asymmetric fluctuation, which is beyond the scope and capabilities of our framework, will cause the electron to eventually localize in either of the baby bubbles. The subsequent evolution of the system is the collapse of the empty baby bubble and the evolution of the other one towards the spherical 1S ground state. In this case, the excited 1P bubble decays to the 1S spherical configuration without passing through the 1P quasi-static configuration described in the previous section, and the de-excitation is non-radiative. An example of this sort of evolution is shown in Fig. 4 for P = 5 bar. For this pressure, we have found that a configuration similar to the simply connected quasi-static one is attained after 10 ps, although the inertia of the bubble expansion breaks the quasi-static neck at about 18 ps. The density pileup in the neck region continues and at about 22 ps the helium density in this region has a peak of ∼ 2ρ 0 , whose relaxation pushes the two baby bubbles in opposite directions helping the fission process.
Our calculations are in agreement with cavitation experiments 42 indicating that relaxed 1P bubbles are only produced for pressures smaller than about 1 bar, and that above this value the decay of the excited bubble has to proceed differently, likely radiationless. Indeed, we have found that the 1P bubble fissions at P = 1 bar, but it does not at P = 0.5 bar. Our results are also in agreement with the interpretation 27 of the vanishing of the photoconductivity signal below 1 atm experimentally observed by Grimes and Adams.
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According to this interpretation, an ebubble in the 1P state is unstable against a radiationless de-excitation back to the ground state, the electron ultimately settling into one of the baby bubbles while the other collapses with phonon ('heat') emission. It is this relased heat that drives the photocurrent. Below that pressure, the ebubble decays radiatively, it does not release enough heat, and is not detected in the photocurrent experiment.
The evolution of the electron energies for the 1S (empty) and 1P (occupied) states, together with a representation of the electron probability densities, is presented in Fig. 5 for two pressure values.
The fission of the bubble at P = 1 bar happens after 60 ps. To obtain this result, we have proceeded as in Refs. 21,22, introducing a damping term in Eq. (5). To make sure that the bubble does not fission at P = 0.5 bar, we have also introduced a damping term for this pressure.
We have studied the excitations produced in the liquid by the expansion of the ebubble.
From the evolution of the first wave front, we have estimated that it moves in the z direction at ∼ 330 m/s at P = 0, and at ∼ 410 m/s at P = 5 bar. These values are well above the speed of sound in helium at these pressures, meaning that the dynamics is highly non-linear. Time-resolved excitation energies are shown in Fig. 7 at P = 0 and 5 bar. While the evolution of the 1σ − → 1π − excitation is qualitatively similar at both pressures, the 1σ − → 2σ + excitation evolves differently in the high pressure regime when the bubble splits. Indeed, at zero bar the excitation energy smoothly decreases with time, whereas at 5 bar it starts decreasing, increasing next, and eventually becoming larger than the excitation energy to the 1π − state. Note that both the change in behaviour and the crossing take place some picoseconds before bubble splitting.
The 1σ − → 1π − transition is little affected by bubble splitting because it involves two states with negative specular symmetry, which means that the probability density of both states is zero in the neck region. On the contrary, the 1σ − → 2σ + transition involves two states with different specular symmetry and thus it is more affected by bubble splitting.
Along with the excitation energies, some values of the associated oscillator strengths are displayed in Fig. 7 . The oscillator strengths have been calculated in the dipole approximation as:
As known, the oscillator strengths fulfill a sum rule that in the one-electron case is a f ab = 1. 44 At both pressures, we have found that these transitions have comparable oscillator strengths. The largest difference appears for P = 5 bar in the split-bubble regime. In it, the strength of the 1σ − → 2σ + transition is roughly half that of the 1σ − → 1π − transition. We thus conclude that the analysis of the peak energy and oscillator strength of the 1σ − → 2σ + transition might disclose the fission-like behaviour of the excited 1P bubble, complementing the experimental information gathered from cavitation and photoconductivity experiments.
The current field [j(r) = ρ(r)v(r)] is shown in Fig. 8 for P = 0 and 5 bar at 12 and 22 picoseconds. At 12 ps the current fields are qualitatively similar for both pressures: the bubble expands along the symmetry axis and shrinks in a plane perpendicular to it. At 22 ps, when P = 5 bar, large currents keep bringing liquid into the neck region, splitting the bubble and producing important density oscillations in the central region.
We have also followed the collapse of the 2P bubble at P = 0. About 2 ps after the collapse has started, a sizeable part of the excitation energy has been released into the liquid and two waves are distinguishable around the bubble, as shown in Fig. 9 . These waves travel through the liquid at the same speed as in the 1P bubble case, ∼ 330 m/s.
Shortly after 7 ps, the m = 0 levels of the 2P and 1F states become very close and, as discussed in the next section, see Eq. (7), the adiabatic approximation fails. At this point, the 2P bubble displays an incipient four-lobe shape arising from a similar structure in the 2P electron probability density. It is worth mentioning that a likely related effect, namely the near degeneracy of the 2P and 1F states, was found in the quasi-static calculations of
Ref. 26 as P increased.
In view of the mentioned failure and the lacking of experimental information on the collapse of the 2P bubble, we have closed its study at this point, leaving it for future work.
IV. VALIDITY OF THE ADIABATIC APPROXIMATION
The validity of the adiabatic approximation in the first stages of the bubble collapse, when the topology of the bubble is simply connected, stems from the very different time scale of the electron motion as compared to that of the bubble, 45 represented by the period of its shape oscillations. If the fluid is incompressible and the bubble spherical, the surface λ-modes of the cavity are at energies
where γ and ρ 0 are the surface tension and atom density of the liquid, respectively. For λ = 2 this energy is about 1 K, and the period of the oscillation is ∼ 50 ps.
The situation may change in the course of the collapse because the energy difference ∆ = E 1P − E 1S between the deformed states decreases and the time scale τ = h/∆ may become similar to the period of the shape oscillations of the deformed bubble. Since ∆ is small in the two bubble regime, the approximation likely fails there. 27, 46 It is worthwhile mentioning that neck fluctuations, not included in our approach nor in previous works, would pinch off the bubble at earlier stages of the collapse, in a similar way as they may cause the prompt scission of the fissioning atomic nucleus after the saddle configuration has been overcome. The subsystem to which the adiabatic approximation is applied is the electron, whose wavefunction is decoupled from that of the liquid. This wavefunction evolves in the potential field generated by the liquid distribution, and its Hamiltonian is time-dependent, H e (t) = H e [ρ He (t)]. Let φ t n be an eigenfunction of the Hamiltonian at time t, so that H e (t)φ t n = ε n (t)φ t n . If φ n (t) is the actual wavefunction φ 0 n evolved up to time t, one has φ n (t) = U(t)φ 0 n , where U is the evolution operator. In the adiabatic approximation, one identifies φ n (t) with φ t n , the intuitive justification being that if one perturbes the subsystem slowly and gently enough, it has enough time to adapt itself to the new environment 'with no inertia' from the past configuration.
The error made in this approximation for a given state |i -the validity of the adiabatic approximation is assessed for a given state of the subsystem, not necessarily for them all-is defined as the probability of finding the subsystem in a state different from the initial one evolved in time within the 'true' dynamics,
This error can be written in a workable way as
If η ij ≪ 1 ∀ i = j, the adiabatic approximation is justified. It is usually understood that it breaks down when the levels get very close, or when they cross each other. Notice however that this assumes that these states can be connected by the evolved Hamiltonian. If a symmetry is dynamically conserved (in our case, angular momentum and specular symmetry are), then the adiabatic evolution of states with a given quantum number associated to this symmetry is not perturbed by states with different values of this quantum number. Although sometimes ignored, this is a very reasonable statement.
In the case of the 1σ − state arising from the spherical 1P manifold, the adiabatic approximation holds even when its energy becomes almost identical to the energy of the 1σ + state arising from the spherical 1S one, i.e. a small ∆ does not invalidate the adiabatic approximation. The closest state having the same angular momentum and specular symmetry is the 2σ − one arising from the spherical 1F manifold. At P = 5 bar, we have found that these two states are 2000 K apart in the 10-20 ps range. Sinceh ∼ 7.6 K ps, one has
The value of the matrix element in Eq. (7) is some tens of kelvin per picosecond, so that the adiabatic approximation would be fulfilled even for the configuration displayed in Fig. 4 at 25 ps. Indeed, we have calculated η in the above time range and have found that it is of the order of 10 −8 .
It is also worth analyzing the stability of the quasi-equilibrium configurations when the symmetries are not exactly conserved because of perturbations from the environment. In this situation, let us assume that when the bubble splits the electron localizes in one of the lobes. Leaving out the discussion on the actual localization process, we have tried to infer the likely evolution of an ebubble with a localized electron. The localized electron state in either baby bubble is approximated by:
Consider now a short-time dynamics in which the liquid is kept frozen. The evolution of, e.g., the Φ + localized state is an oscillation between the two lobes
where ω = (E 1P − E 1S )/h. If this frequency is large enough, the liquid cannot react to the localization of the electron in either lobe, and will essentially behave as if the electron were delocalized.
The time elapsed between two consecutive localizations of the electron in a given baby bubble is τ = π/ω. The value of this period as a function of pressure for the quasi-equilibrium configurations is displayed in Fig. 10 . In the split-bubble regime (P > ∼ 9 bar), this period is of several ps, indicating that the electron localization dynamics into one of the baby bubbles is not a trivial process to address. The electron will bounce back and forth as the liquid tries to adapt to it. Real time calculations are thus needed to describe electron localization.
It is clear that the previous discussion on the validity of the adiabatic evolution lacks for incorporating fluctuations or excitations of low energy modes that may appear in the course of the bubble evolution and couple the 1P and 1S states that otherwise are not, as previously discussed. One such mode has been thoroughly addressed by Elser: 27 a peanut configuration, whose walls are impenetrable by the electron, is represented by two intersecting sharp spheres of radius R 2 (instead of the deformed baby bubbles displayed in Fig. 4 ) joined along a circular orifice of radius a. These spheres are breathing in counterphase, producing an antisymmetric mode whose stiffness K and inertia M can be obtained analytically. This mode is very appealing, as it represents a small, swifting imbalance of the symmetric electron probability density.
In the harmonic limit, if a ≪ R 2 , the stiffness and inertia of the asymmetric mode are
In these equations, E 0 = γR 2 0 ∼ 9 meV represents the energy unit, with γ = 2.36 × 10 −2 meVÅ −2 being the surface tension of the liquid, R 0 ∼ 20Å is the radius of the spherical bubble, R 2 ∼ 16Å is the radius of the baby bubbles, ξ ∼ 1.70 is a dimensionless constant, and ∆ = E 1P − E 1S . The frequency of the antisymmetric breathing mode is given by ω AB = K/M, and the radius of the orifice is
The adiabatic approximation fails when ω AB ≃ ∆/h. This yields ∆ ∼ 0.14 meV in the P = 0 − 5 bar range, as only the first term in the stiffness turns out to be relevant in this regime. Thus, keeping only the first term in K, one gets 
Hence, a ∼ 2.1Å. Clearly, such analytical results cannot be obtained within the DF approach, but we can use them to determine whether the dynamic and static configurations shown in Secs. II and III are reliable.
The adiabatic approximation thus holds at P = 0, as the neck radius is fairly large, see Fig. 3 , and ∆ is always much larger than 0.14 meV, see Fig. 5 . From Fig. 4 we also conclude that, at P = 5 bar, the adiabatic approximation is valid up to nearly the collapse of the waist. Indeed, the neck radius of the helium configuration at about 17-18 ps is ∼ 2
A, see Fig. 4 . It is worth noting the difficulty in defining an effective radius for the orifice when the surface of the bubble is diffuse; we recall that the surface thickness of a 4 He drop of 10 3 -10 4 atoms is some 6-8Å. 51 Note also that the surface thickness of the helium bubble is rather independent of the curvature of the surface, as can be inferred from the fairly constant bright region around the bubbles displayed in Figs. 3 and 4.
Since we do not treat the bubble as impenetrable to the excess electron, the relation between the actual ∆ and a values should not exactly be as given by Eq. (11) . Using the resulthω AB ≤ ∆ = 0.14 meV as a criterion for the applicability of the adiabatic approximation instead of reaching the limiting value a ∼ 2Å, we find that the approximation holds up to 21 ps, when the bubble has already split into two baby bubbles. Both procedures indicate that when the adiabatic approximation likely fails, the baby bubbles have already developped.
The previous analysis leads us to conclude that, at high pressures, baby bubbles are formed some tens of picoseconds after the starting of the collapse of the 1P bubble. From this point on, the likely fate of the system is the localization of the electron in one of the baby bubbles and the collapse of the other. This process is helped/triggered by fluctuations that break the specular symmetry of the ebubble configuration. As mentioned, determining the time scale of electron localization is beyond the capabilities of the adiabatic approximation.
It has been calculated 21 that once the electron is localized, it takes to the superfluid some 20 ps to adapt to it while the other baby bubble is absorbed.
V. SUMMARY
Within density functional theory, we have carried out an analysis of the adiabatic evolution of the excited electron bubble in superfluid liquid 4 He. We have found that for pressures below 1 bar, the 1P ebubble may relax to its quasi-static equilibrium configuration and eventually decay radiatively to the deformed 1S state. This state evolves non-radiatively to the spherical 1S bubble, completing the absorption/emission cycle. This conclusion arises in part from studies carried out for one hundred picoseconds using a less accurate functional,
52
whose results qualitatively agree with ours for the first tens of picoseconds.
At higher pressures, the situation drastically changes and the excited 1P bubble no longer decays to the quasi-static equilibrium configuration, whose physical realization is unlikely.
Indeed, our analysis of the adiabatic approximation indicates that it is valid up to a point where two deformed, nearly disconnected baby bubbles appear in the dynamical evolution, pointing towards a fission-like de-excitation process, the likely subsequent evolution of the system being the localization of the electron in one of the baby bubbles and the collapse of the other. This collapse takes some 20 ps, 21 and the whole de-excitation process is radiationless.
We have also found a marked change in the behavior of the time-resolved absorption spectrum of the 1P bubble depending on whether the bubble fissions or not, i.e., on the liquid pressure. This change is in principle an experimentally accessible observable whose determination may complement the information obtained from cavitation and photoconductivity experiments.
Our analysis of the collapse of the 2P bubble has shown that the adiabatic approximation breaks down at an early stage of the dynamical process due to the crossing of the 2P and 1F states. Although disclosed by the adiabatic approximation, this crossing has nothing to do with the approximation itself, but is inherent to the dynamics of the electron bubble.
From the crossing point on, the bubble will relax around a mixed state with 2P and 1F components, and hence the physical realization of a pure quasi-equilibrium 2P configuration is unlikely. It is very plausible that the same applies to other high energy 'nL' ebubbles generated in the absorption process. The possibility that some of them undergo a spontaneous symmetry breaking, as suggested by Grinfeld and Kojima for the 2S state, 53 can only reinforce our conclusion. Obviously, this does not question the existence of either relaxed quasi-equilibrium configurations at low pressures, or of baby bubbles at high pressures, arising from the evolution of the spherical 2P bubble. It just means that, on the one hand, the relaxed bubble will not be a pure 2P configuration and, on the other hand, to study the de-excitation of these bubbles one has to go beyond the adiabatic approximation and carry out a more demanding real time dynamics calculation for the electron. Helium is represented by warm colors, and the electron probability density (arbitrary scale) by cool colors. The size of the samples is 70Å ×70Å. 
